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This article presents a comparison of the predictios of three RANS codes for flight
conditions of the F-16XL aircraft which feature vottical flow. The three codes, ENSOLV,
PMB and PAB3D, solve on structured multi-block grics. Flight data for comparison was
available in the form of surface pressures, skin fction, boundary layer data and
photographs of tufts. The three codes provided pdictions which were consistent with
expectations based on the turbulence modelling usedvhich was ke, k-o with vortex
corrections and an Algebraic Stress Model. The agenent with flight data was good, with
the exception of the outer wing primary vortex straigth. The confidence in the application of
the CFD codes to complex fighter configurations imeased significantly through this study.
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AVT = Applied Vehicle Technology (one of the sevenglamvithin RTO)
BL = Bultt line on airplane, in.

CAD = Computer Aided Design

CAWAP = Cranked Arrow Wing Aerodynamics Project

CAWAPI = Cranked Arrow Wing Aerodynamics Project Interoaal
CFD = Computational Fluid Dynamics

C = Skin friction coefficient €|z /(3 p,uZ))
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k = Turbulent kinetic energy,¥s’
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. Introduction

A pplication of Computational Fluid Dynamics (CFD) tmeds to support the operation of fighter aircraft

requires realism and cost-effectiveness compareh alternatives such as wind-tunnel tests or fliggsts.

Two envisaged applications of CFD are for the asmest of stability and control characteristics, éhe

calculation of changes in aircraft loads due to retare configurations. By using CFD the number laght
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conditions in a flight test certification progrararcbe optimized and potentially dangerous casededadentified
beforehand. To enable application of CFD methodssémh purposes, the methods should be well validand
evaluated against state-of-the-art wind tunnel@nitight test data.

The Cranked-Arrow Wing Aerodynamics Project (CAWAR) provided the CFD community with an excellent
database for validation and evaluation purposess ptoject focused on the understanding of flow rumena
encountered on the cranked-arrow wing of the F-1@Ktraft. The CAWAP database contains both sulzsand
transonic data at flight Reynolds numbers. The ddi@ined during the flight tests comprised surfpoessure
measurements, both along butt line stations areldge stations, boundary layer measurements apfisitions on
the left wing, skin friction measurements at thB® station on the left wing and surface flow vigaions using
tufts.

Initiated by NASA, the Cranked-Arrow Wing Aerodynis Project International (CAWAPI) [2]-[6] was stad
as a follow-on project. Along with the Vortex Fldgxperiment 2 (VFE-2) [7], this project was incorptad under
the NATO RTO working group AVT-113. This articlepats on contributions to CAWAPI made by National
Aerospace Laboratory NLR, University of LiverposidaNASA Langley made using structured multi-blotdf
solvers.

This article continues with a summary of the flovivers used. The generation of a common grid isnsarised
and then results are compared for several flightitmns that feature vortical flow. Finally therpgmance of the

solvers is evaluated and conclusions are drawn.

II.  Flow solvers
A. NLR Solver (ENSOLV)

The flow solver ENSOLV, which is part of NLR’s flogimulation system ENFLOW [8], is capable of sotyin
the Euler and Navier-Stokes equations on multidblatructured grids for arbitrary configurations. eTh
configuration can be either fixed or moving relatte an inertial reference frame, and can be eitgit or flexible.
The equations in full conservation form are diseest in space by a second-order accurate, celt@@nfinite-
volume method, central differences, and matriXiaidi diffusion. The artificial diffusion consistsf a blending of
second-order and fourth-order differences withraekon-type shock sensor for the basic flow equsitod a TVD

discontinuity sensor for the turbulence model eignat For steady flow simulations, the discretifiete-dependent
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system of equations is integrated toward the ststatg solution using a five-stage explicit Runggt scheme.

Local-time stepping, implicit residual averaginglanulti-grid acceleration techniques are applied.

B. Liverpool Solver (PMB)

The PMB solver [9] has been under developmenteat thiversities of Glasgow and Liverpool during thest
decade. The Euler and RANS equations are discdetinecurvilinear multi-block body conforming gridsing a
cell-centred finite volume method which converts ffartial differential equations into a set of aady differential
equations. The convective terms are discretisedgu€isher’'s upwind method. Monotone Upwind Schenre fo
Conservation Laws variable extrapolation is usegdrbvide second-order accuracy with the Van Albiadé#er to
prevent spurious oscillations around shock waveiowing Jameson, the spatial residual is modifigdadding a
second order discretisation of the real time déimeao obtain a modified steady state problemtlier flow solution
at the next real time step, which is solved thropgleudo time. This pseudo time problem is solvadguan
unfactored implicit method, based on an approxiniatarisation of the residual. The linear systensalved in
unfactored form using a Krylov subspace method vidthck Incomplete Upper Lower preconditioning. The
preconditioner is decoupled between blocks to akolgh efficiency on parallel computers with étdletriment to
the convergence of the linear solver. For the Jacotmatrix of the CFD residual function, approxifoat are made
which reduce the size and improve the conditiorfithe linear system without compromising the digbof the

time marching.

C. PAB3D Solver

The PAB3D CFD code [10] is a structured, multi-tdoparallel, implicit, finite-volume solver of thénree-
dimensional RANS equations. Advanced turbulence efsodre available in the code. Viscous models delu
coupled and uncoupled Navier-Stokes and thin ldyavier-Stokes options. Roe's upwind scheme is ueed
evaluate the explicit part of the governing equajcand van Leer's scheme is used for the imglanit. Diffusion
terms are centrally differenced. PAB3D utilizesheit a 2-factor or 3-factor numerical scheme to esdive
governing equations. For unsteady calculations, HAB second order in time with sub iterations. Steady state
calculations, local time stepping and grid sequemeire applied to accelerate convergence. PAB3idsly used
for internal and external flow applications by NASAd by the US aerospace industry. PAB3D has delveil&in
time saving routines, including grid sequencing distributed computer memory requirements, thatitethe user
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to quickly obtain a converged solution. There aneesal state-of-the-art two-equation and algehiragnolds stress
turbulence models implemented. In an attempt toemme the fidelity and accuracy, multi-scale-typgb(id)
turbulence models: URANS/LES [11] and Partially faged Navier-Stokes PANS [12] have been addedéo th
code. PAB3D has been well-tested and documenteth&simulation of aero-propulsive and aerodynafiows
involving separation, mixing, and other complicafgtenomena. PAB3D is ported to a number of platfoemd
offers a combination of good performance and lownoi requirements. In addition to its advanced gmaeessor,
which can handle complex geometries through mudtth general patching, PAB3D has a runtime modaleable

of calculating aerodynamic performance on the fiyvell as a post processor used for follow-on datysis.

For this study, PAB3D used third order Monotone lumv Scheme for Conservation Laws variable
extrapolation of the fluxes with MINMOD limiter, drthe upwind flux difference splitting of Roe foratuating the
convective terms. Viscous diffusion terms were nhedi@s uncoupled in the flow direction and fullypted in the
cross-flow direction. A 3-factor scheme was usettlie approximation of implicit terms. Local tim&pping and

grid sequencing were applied to accelerate connerme

D. Turbulence Models
1. Basic models

The test cases which were computed for this arfed¢ure the flow over the F-16XL aircraft, withtesmely
complex geometry, at flight Reynolds numbers. Tlbav$ themselves are complex with multiple vortipessent.
The complex geometry provides a grid generatiodlahge, which is considered in the next sectione Thmplex
flow field provides a challenge to the turbulencedwling. In the current section the options usedHis modeling
are summarized. All calculations were made assuffuithgturbulent flow.
The basic Boussinesq models were of the 2 equgtmm For ENSOLV, the TNT ks model, which is a variant of
the Wilcox ko model, is employed. The equations of the modekbgatly modified by the introduction of a ‘cross
diffusion’ term [13]. This modification has beertrimduced to resolve the dependency of the freeustrealued of
o. In addition, to remove the singular behaviourwoft solid boundaries, the equations of the kaodel are
reformulated such that instead ofthe quantityt=1/(o+wm) is used. Herey, is a positive constant (default value
woLrefU,,=20, with U, the free-stream velocity andel.the reference length). At the solid boundariesh boandr
are set to zero. To prevent unphysical high vabfdsnear stagnation points, the production terrthank-equation
has been limited to a maximum of 20 times the gagin term in the k-equation. At the ‘inflow’ parof the far-

5
American Institute of Aeronautics and Astronautics



field boundary, the free-stream values of the tlahiuvariables are computed from the free-strearbutent
Reynolds number (0.01 in the present simulatioms) the free-stream dimensionless turbulent kinetiergy
(k/u,?=10° in the present simulations). For PMB the standasdmodel was used. Finally, for PAB3D the standard
k-¢ model was used. In addition, the PAB3D code atesgnted results using the Shih-Zhu-Lumley (SZbghbtaic

stress model [14], where the stress equation Engby:

U =28,k +2C K2 Sii -2 K> Qi S - Sk
Ujli =3 9ji w7 Sii ,5’?( ikS§ ~ SkC)
where
S PNLUILCS IS Y- ISP PPN UL
H e | Y 2% ox T J3k1’126xj 0%

Note the higher order nonlinear terms involving theiatoric mean flow strain rateE() and vorticity ;)

tensors in the stress equation. In theeGuation, A=6.5, andC, A, and U involve tensor products of; andQ;
and their variants. Algebraic stress models giveeiantly better results than the linear stress ioeleause of the
explicit modeling of effects such as relaxation amel specific inclusion of nonlinear anisotropifeefs from the

mean flow strain and vortices.

2. Enhanced vortex correction model

Boussinesq models over predict the eddy viscositiinvthe vortex core, leading to exaggerated diffa of
vorticity. As a consequence the details of theexodore are lost and low suction peaks with wideerxobases are a
characteristic of the solution. For this reasoreahanced vortex correction model [15] [16] is uet controls the
production of turbulent kinetic energy and henceyediscosity through either an increase in the potidn of
dissipation ¢) or a decrease in the production of turbulent tkinenergy within regions of highly rotational flow

To illustrate, in the second variant, the produttd turbulent kinetic energy Kk is limited as
P. =min{P",(20+ 20xmin{0,r -1}) pB ke}

Here Pku is the unlimited production of k and r is the ratibthe magnitude of the rate-of-strain and votyici

tensors. This approach has proven to be effectiveroducing surface pressure profiles on simpléadelngs in

good agreement with those of experimental data [16]. The results presented in this article fog 8BNSOLV
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solver uses the-enhanced version of this method based on the T Tmodel described above. The PMB results

used the k-limited variant based on the kaodel.

3. Summary
In summary, the ENSOLYV results have been obtais@thuthe TNT ke» model with an enhancer vortex
correction. The PMB calculations used the stanBasdnodel with a k-limited vortex correction. PAB3Dagkthe

k-e¢ model and the SZL Algebraic Reynolds Stress model.

lll.  Grid generation

A common grid for the block structured solvers vgemerated by NLR. The approach to grid generaton i
described in reference [3] and is not repeated. fere small modifications to the surface descriptweere made to
further facilitate the generation of a structuret gFirst, a small ‘step’ or ‘plate’ on the wingper surface was
removed. Secondly, the end part of the verticdlltase was slightly rounded off. Apart from thebarmges, the
original definition of the geometry as given in t6&D model was respected. The final grid was preduio less
than 4 weeks, including some development of theé generation tools. This time compared favourabih that
required to produce the unstructured grids in CAWAP

The following family of structured grids has beesed:

e The baseline structured grid around the half-spdirs€ale model of the F-16XL consisting of 1903
blocks, 14,750,720 grid cells and 17,014,119 gaithys.

e The baseline structured grid with a reduced numlbbé&tocks. The merging step resulted in a reduction
of the number of blocks from 1903 to 216.

e A structured grid around the full-scale model & #:16XL consisting of 3806 blocks, 29,501,440 grid
cells and 34,028,238 grid points. This grid hasnbgenerated by mirroring the baseline structurédi gr
around the half-span full-scale model of the F-16ith respect to the symmetry plane.

The upper surface grid and the resultyiglistribution over the upper surface are showrefenence [3], Fig. 7.
From this figure, it is evident that the grid sparinormal to the surface has a desired valug” déss then one

(based on an ENSOLYV solution), except for the negibelow the vortical structures.
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IV. Results for Vortical Flow Flight Conditions

A. Flight test cases

Initially four flight conditions were selected feomputation in CAWAPI of which three featured voati flow.
Later three additional flight conditions were addedthe original set. These additional flight cdiatis also
featured vortical flow, with flight condition 25 &igher incidence and the other two conditiongkflicondition 50
and 51) exhibiting side-slip. Only the vortical iloconditions are of interest in the current artialed these are
summarised in Table 1. Conditions 7, 19, 25 antia& zero side slip and were computed by all thoekes using
the baseline structured grid around the half-spéirs€ale model of the F-16XL. Conditions 50 and which have
non-zero sideslip, were computed using ENSOLV aA# Bnly using the structured grid around the fulkke
model of the F-16XL. Results for all flight conditis can be found in reference [6]. In the curretitla results for

flight conditions 7, 19 and 46 were evaluated itaie

Table 1: CAWAPI flight conditions

Nominal Actual
10

Flight condition a,® | B° h, ft M | Ry/ft a, ° B, ° M Re
7 13 0 5000 0.29 1.79 11.89 -0.183 0.304 44.4010
19 13 0/ 10000 032 1.71 11.85 0.612 0.360 46080 1
25 20 0| 10009 0.24 1.28 19.84 0725 0.242 320021
46 10 0] 24009 051 1.77 10.40 0.310 0.527 46080 1
50 13 5/ 24000 0.42 1.4p 1356 5.310 0.434 380411
51 13| -5/ 24000 042 1.4p 12.89 -4580 0.441 3805

Engine flow conditions were specified in CAWAPI aadgine face and jet boundary conditions, basethisn
data, were used in the ENSOLV and PAB solutionsENSOLYV, at the inlet duct exit plane (engine ihlat
prescribed normalized static pressure,pias used, whereas at the mixing plane (enging @xibundary condition
with a prescribed normalized total pressuye.pand total temperature/T,,, was applied. For PAB3D, constant
total values were specified for the nozzle inlet] aonstant pressure boundary condition was spédcii the nozzle
exit. Preliminary calculations using ENSOLV, and af the PMB calculations, used a simple flow thghu
condition, where the engine face and jet plane wegded as far field boundaries. This treatmeditndit noticeably
influence the predictions of the vortical flow dretupper surface of the wing and therefore no &urttiscussion of

the engine boundary conditions is made in thiclerti
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B. Overview of Flow Topology

Before looking to the results in detail, the lasgpade vortical flow structure above the wing iscdssed. Fig. 1
shows an iso-surface of the vorticity magnitudeflight condition 7. The flow structure consistssafveral vortices:
i) the inner wing primary vortex originating frorhe wing leading edge inboard of the crank, ii) owtang vortex
originating from the wing leading edge outboardraf crank, iii) the air dam vortex originating fothe air dam at
wing upper surface, iv) the missile vortices ora@ing from the missile fins and v) the fuselagetewr In addition
to these vortices other vortical structures, sustoa example the inner wing secondary vortex, @esent. All
flight conditions characterized by vortical flowkekit a similar vortical flow structure, althoughe strength and

location of the vortices may differ.

C. Comparison with Flight Data

The predictions are now compared against availthiglet data. Note that the common flight conditioctsosen
in CAWAPI did not match exactly the conditions bétflight data, and in particular the angle of degice is lower
in the computations than the measurements for ¢imeparisons shown here. This is likely to have tfiece of
making the primary vortices weaker in the compaotal results, with lower suction in the footprint the wing.
Computational results were available from the vorerrection variants of the &-models in ENSOLV and PMB,
and from the ke and ASM models in PAB3D.

The comparison for the surface pressure coeffigemsthown in Fig. 2 for three butt lines (BL’s),,8%6 and
153.5, going progressively outboard. The generateagent for the two BL's inboard of the crank isodoThe
ENSOLYV predictions show similar suction levels fioe primary vortex. The PMB and PAB3Delpredictions have
weaker vortices, with the PMB solution showing arencompact vortex footprint. The comparisons at &l,
showing the lack of a flat region in thg-Gistribution close to the leading edge, indicdtat tthe strength of the
secondary inboard vortex is under predicted. Tlersgary vortex appears to have developed more IfyllL90.
The comparisons outboard of the crank, at BL15&& less favourable. The suction in the primarypoaid vortex
is significantly less than the measurements ipratictions.

The boundary layer profiles are compared in FigTBree inboard rake locations are used, with oriegbe
inboard of the primary vortex, the second undeiméa primary vortex, and the third in the regidithe secondary

vortex. The general agreement with flight measurgmis again good, and ENSOLV and PMB are alsoeclBsr
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the rake closest to the leading edge the ASM maddIthe vortex correction models give a fuller peothan the
measurements and the lpredictions.

The comparison of the skin friction values alonfuselage station is shown in Fig. 4. The PMB preaiic
which has not been extracted, is not included. ddmparisons show that the levels under the primariex agree
well with the measurements, with the PAB3D preditsi being lower than those from ENSOLV. Again thisre
more discrepancy under the secondary vortex, witkls being too high from ENSOLYV, and more in limi¢h the
measurements for PAB3D. Theckaredictions show the wrong shape in this regiohtba ASM predictions are
closest to the measurements.

Finally, the comparison between surface streamlirea the ENSOLYV solution, and tufts from the fliglests,
is shown in Fig. 5. The black dots visible are lmafion targets. Inboard of the crank the agre¢nmethe flow
direction as indicated by the tufts and surfaceastiines is good. The re-attachment line of theiirwing primary
vortex and the separation line of the inner wingoselary vortex are clearly visible. The agreemanthie flow
direction outboard of the crank is less good. hased that here the tufts have a blurred charaicteicating local

unsteadiness of the flow.

D. Evaluation

The comparisons with flight data indicate that @D predictions are generally good. However, solow f
details are not well represented and these ard@dmed in the current section. It is observed thatwing leading
edge geometry, and the high Reynolds number, ateHmpful to the CFD in the sense that the praaticof the
initial flow separation around the leading edgemiade easier. First, the geometry towards the fgsefblend
contains a flat strip at the section leading eddg&ckw has the effect of producing a sharp corners Thrner fixes
the separation point and so the problem of predijcti smooth body separation, which is a challeng€FD, is not
present, at least when the inner wing primary voisebecoming established. The leading edge atttiek is very
sharp, meaning the same situation holds at thedtom of the primary outboard vortex. Further, tigh Reynolds
number means that the leading edge flow is likelypé fully turbulent, avoiding any influence ofrsition. Flow
separation in all solutions was observed to bet raghthe section leading edge, both inboard antaaut of the

crank, as indicated in Fig. 6.
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The upper wing flow is very complex with a numbérseparations and reattachments, as illustratdelgn6.
The surface streamline pattern in this figure imposed of the following main elements:

a) The primary separation on the inner and outer wing. The flow separates on the wing leading edge.r@n t

part of the wing in board of the crank this separatesults in the inner wing primary vortex, wheseon the

part of the wing out board of the crank the outargawortex is formed.

b) The primary re-attachment on the inner wing. At this line the vortical flow associated with theer wing

primary vortex re-attaches on the wing surface.eNbat for the present case the inner wing primaryex lifts

off of the surface, resulting in a fanning out lné re-attachment line.

c) The secondary separation on the inner wing. Underneath the inner wing primary vortex the flegparates

resulting in the inner wing secondary vortex. T¢eparation line starts some distance downstreatrecdpex of

the wing and is present up to the wing trailingeadg

d) The secondary re-attachment on the inner wing. At this line the vortical flow associated with Emwing

secondary vortex re-attaches to the wing surfabis fe-attachment line extends until the leadingeedf the air

dam.

e) The re-attachment on the inner wing side of the air dam. After reaching the air dam the vortical flow

resulting from the inner wing secondary vortex t@aehes to the inner wing side of this air dam.eNiiat this

re-attachment line is a continuation of the seconde-attachment line on the inner wing. When tiredam

changes to the actuator pod this re-attachmenstimgs to exist, and the vortical flow associatetth whe inner

wing secondary vortex re-attaches in the junctietwieen the actuator pod and the wing.

f)  The separation from the edge of the air dam. The flow separates from the upper edge of thelain. This

separation results in the air dam vortex.

g) The separation on the actuator pod. The flow separates from the upper side of theatotupod. Note that

this separation starts before the intersectiomefdir dam and the actuator pod. The air dam vastéed further

by the flow coming from this separation.

h) There-attachment on the outer wing of the outer wing vortex and the air dam vortex. At this line the vortical

flows associated with both the outer wing vorted #re air dam vortex re-attach.
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i)  The separation due to the air dam vortex. Due to the air dam vortex the flow separates gusboard of the
air dam. This separation results in a small voitethe outboard junction region between the air dard the
wing surface.

j) There-attachment on the outer wing side of the air dam. The vortical flow associated with the small vortex

described in i) re-attaches to the air dam atlithés

The different turbulence options provided resultsiolw followed a pattern. The &-model predicted weaker
vortices due to the excessive levels of turbulgpaauced. The ASM produced a stronger inner wirighgry
vortex, as shown in Fig. 7 for FC46. The vortexreotion models also fixed this problem, and realistvels of
suction under the primary inboard vortex were atatdiwith a simple correction to the underlying kaodels.

Inboard of the crank, problems were noted withgtnength of the inner wing secondary vortex. Thd gr the
region concerned was observed to be somewhat ¢oaesming that no conclusions could be drawn abioeit
performance of the physical modelling there.

The most important discrepancy arising from the pansons is the very weak primary vortex predicted
outboard of the crank. The flow in this region irw complex, featuring the primary and secondaneinwing
vortices, the outboard primary and secondary vestiand also vortices that have arisen from ttexantion of the
inboard vortices with the air dam. There are twanmaossibilities for the weakness of the predictedboard
primary vortex. First, the levels of turbulence gioted for the PMB solution are shown in Fig. 8.eTurbulent
Reynolds number plotted is defined as the ratithefeddy viscosity to the molecular viscosity, @dn indication
of how much more viscous the flow is from the cimittion of the turbulence model. Low levels of tldnce are
indicated in blue and high levels in red. The iefiae of the vortex correction on the inner wingtewrand the
vortex arising from the interaction with the aimd@an be seen. However, the outer wing primaryevois filled
with red, indicating high levels of turbulence theexplaining its weakness. The flow in this reg@oomplex, with
regions of shear between different vortices. Thept vortex correction appears to fail becausel¢hels of
turbulence in the outer wing vortex are not simgidyvn to production terms, but to convection of tuemce also.
Interesting, the more general ASM also fails todjoe the outboard primary vortex strength closethe

measurements and this may be due to the coarseerddtthe computational grid in the area of inter@® better
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resolve the outer primary vortex one needs a fgret along the full trajectory of the vortex coreto use grid
adaption methodology that will cluster points ieas of high flow gradients.

The second consideration in this region is thdyilkeesence of unsteady flow when several vortaresin close
proximity. Evidence for this comes from the photggns of the tufts from the flight tests, which hherred in this

region. All of the computations presented in thitcke assumed steady state flow.

E. Assessment of Solver Performance

The ENSOLV calculations used grid sequencing oedHhevels and a two-level full approximation sterag
multi-grid scheme to solve on the two finer griddks. The simulations were performed on two preges of
NLR’s NEC SX5/8B vector computer. Four orders ofiwergence were obtained for the root mean squarasio
Larger block dimensions result in an increase efuwéctor length, and merging the blocks (see setlipresulted
in a reduction of the required computational tinyeatsignificant factor of around 4. The final cdétion of a flight
condition required around 16 hours, and 1200 fie multigrid cycles.

The PAB3D solution also used two levels of gridwsating. The calculations were run on a clusteh wit
2.8GHz processors. A typical calculation on 56 pesors gave a converged solution in 51 wall clazk$iand ten
thousand fine grid iterations.

The PMB calculations were made on the LiverpooiMdrsity CFD Laboratory cluster which has 192 preoes
with a clock speed of 3.4GHz. The calculations negliaround 2 days on 96 processors, with up totyihousand
iterations required to reach convergence. No geiguencing was used. The main difficulty with tadculations
was the small CFL number required to avoid divecgert-or difficult cases involving large gradierttssi usual to
for PMB to run with a CFL number of 5. However, tberrent calculations required a CFL number of 12por
leading to a large number of iterations to convecge One possible reason for the relatively poofopmance is
the flow behind the tip missile, which appearedé&unsteady. The probability of unsteady flow oatidoof the

crank could also be a reason.

VI Conclusion

This article presented and evaluated results obdainom three multi-block RANS solvers for the FX16

aircraft. The following conclusions are drawn
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The generation of a good quality grid was achievgdNLR in a time comparable to that required for

the generation of unstructured grids within CAWAPI.

The agreement between the 3 codes was generallgl, goith the expected dependence on the
turbulence modelling observed.

The inner wing primary vortex was well predicted thg vortex correction based turbulence models,
offering an easy way to implement a correctiontémdard 2 equation Boussinesq models.

The outboard primary vortex was not predicted Wwgllny code, perhaps due to unsteady flow in this
region.

Computational wall clock time of one to two dayssvadoserved for all three codes.
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Fig. 1: Iso-surface (level equals 250 Hz) of voriily magnitude for flight condition 7 (¢=11.89°, M=0.304 and
Re=44.40 16). The vortices are colored by the pressure coeffant Cp.
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Fig. 2: Surface pressure coefficient for flight codition 7 (e=11.89°, M=0.304 and Re=44.40 90and flight
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Fig. 4: Local skin friction coefficient for flight condition 19 @=11.85°, M=0.360 and Re=46.80 9)0at FS300
(dashed line) and FS330 (solid line).
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Fig. 5: Surface streamlines superimposed on the native of the tuft image for flight condition 7 @=11.89°,
M=0.304 and Re=44.40 19, Flight 145, Run 16b, Video (yr, 1996), 078:14:084 (Day:hr:min:sec).
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Fig. 6: Surface streamline pattern for flight condtion 7 (¢=11.89°, M=0.304 and Re=44.40 9)) overview of
the surface streamline pattern.
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Fig. 7:. Upper surface pressure distribution with Heamlienes flight condition 46 @ = 10.#, M=0.527 and
Re=46.9 10).
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Fig. 8: Contours of turbulent Reynolds number for fight condition 7(a=11.89°, M=0.304 and Re=44.40 90
on a spanwise slice just downstream of the crank.édtle the turbulent Reynolds number is the ratio of he
eddy viscosity to the molecular viscosity.
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